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These have shown that the heritability of periodontal disease is generally intermediate (approximately 30%) . Recently, a number of larger genome-wide association studies of periodontal disease have been reported but results from different cohorts show markedly different results (Feng et al., 2014; Munz et al., 2017; Schaefer et al., 2010) .
A large number of epidemiological surveys have been conducted to determine particular environmental risk factors (Borrell, Beck, & Heiss, 2006; Zini, Sgan-Cohen, & Marcenes, 2011) . Age, gender, smoking and socio-economic status are all considered to be important risk factors. There is growing evidence that a number of systemic conditions such as obesity (Boesing, Patino, da Silva, & Moreira, 2009) , cardiac diseases (Beck & Offenbacher, 2005; Loos, Craandijk, Hoek, Wertheim-van Dillen, & van der Velden, 2000) , hypertension (Martin-Cabezas et al., 2016) , psychosocial and psychiatric factors (Johannsen, Rylander, Soder, & Asberg, 2006; Vettore, Leao, Monteiro Da Silva, Quintanilha, & Lamarca, 2003) are associated with periodontitis. However, as far as we know, there are still few studies that have fully clarified the association between these conditions and periodontal traits together, in the same dataset.
Furthermore, it is unclear how these modifiable risk factors link to periodontitis when considering genetic factors. So-called "environmental factors" themselves have a genetic component (Boardman, Blalock, & Pampel, 2010; Pallister et al., 2015) . It is important to determine whether individual environmental risk factors for periodontitis are independent of genetic factors or not. Identical twins who are discordant for periodontal conditions enable the examination of the possible impact of environmental factors independent of genetics.
In this study, we examined the association of periodontal traits with oral-health risk factors as independent covariates. We then examined whether these associations were still present when accounting for the shared genetic and environmental backgrounds of twins.
| MATERIAL S AND ME THODS

| Study population
Participants were enlisted in the TwinsUK registry, which consists of volunteer twins who were not selected for inclusion by any other criteria; however, females have exceeded males, and monozygotic (MZ) number exceeded dizygotic (DZ), in part because the registry was started to study principally diseases which were more prevalent in, or unique to, females. The participants in our study predominantly consist of older-age twins from 20 to 91 years old ( Table 2 ).
The TwinsUK registry is one of the largest adult twin cohorts encompassing multivariate medical phenotypes in the world. All the participants provided informed consent before the examinations. We made two datasets, for the two phenotypes, self-reported periodontitis and gum bleeding. Zygosity determination was used by standard questionnaire (Martin & Martin, 1975) and confirmed by DNA shorttandem repeat fingerprinting.
| Periodontal phenotypes
Dental questionnaires have been conducted within this cohort since 2004 with some question modification in 2015. The information on gum bleeding and tooth mobility was collected by written questionnaire, and to maximize the power of the study, all available information was used. The questions "Have you ever had the condition of gum bleeding?" (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) and "Do your gums bleed when you brush your teeth?" (2015) (2016) were merged to produce a single phenotype. The most recent data were used in case of multiple responses. For periodontitis, "Have you ever had the condition of gum decay or loose teeth?" (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) and either "Do you have any loose teeth?" (2015) (2016) or "Have you ever been told by a dentist or hygienist that you have gum disease?" (2015) (2016) were merged in a similar manner. This produced two binary traits, bleeding gums and periodontitis, which were used for subsequent analyses.
As part of a larger validation study of self-reported periodontal disease in this cohort, 80 individuals received a full dental examination and their periodontal status was classified as healthy, gingivitis, mild, moderate and severe periodontitis according to the case definitions described by Page & Eke (2007) . Two binary classifications (moderate/severe periodontitis and gingivitis) and the original examination records (categorical periodontal status with four grades and the percentage of bleeding on probing [BOP]) were tested against the self-reported periodontitis trait and gum bleeding, respectively.
| Health conditions
Since 2004, general health questionnaires have been undertaken. To obtain information on anxiety/stress disorder, depression, coronary heart disease and hypertension including high blood pressure, we created binary summary variables (Table 1) . Obesity was defined by a BMI which was 30 or higher. We also measured carotid intimamedia thickness using ultrasonography in four different parts which
Clinical Relevance
Scientific rational for the study: Understanding genetic and environmental confounding is fundamental to consider health problems.
Principal findings: Some health problems such as cardiovascular disease and diabetes have been established the relationship with periodontal disease, whereas mood disorders were not shed light on its clinical significance. This study alarmed to pay more attention to behavioural patterns for periodontal patients who have mood disorder.
Practical implications: This study including female twins
highlights that not genetic and familial environment, but adulthood environment may play an important role to explain the association between mood disorder and periodontal disease.
of anterior left, anterior right, posterior left and posterior right sides.
We set the cut-off as 1.0 mm (Chambless et al., 1997) and classified two groups. Subjects with at least one site measuring over 1.0 mm were grouped as arteriosclerosis positive, and the others were grouped as arteriosclerosis negative.
| Dietary questions
Self-reported food frequency questionnaires were completed by all the participants following European Prospective Investigation of Cancer Norfolk guidelines. From this dataset, we created the Healthy eating index (HEI) according to guidelines set out by (Guenther et al., 2013) . The HEI is comprised of 12 weighted components as listed on the USDA website (Developing the HEI). The components are summed together to create the total HEI score. The maximum score is 100, and a higher score represents a healthier diet. HEI data in our study showed a normal distribution covering a wide range of diets (scores ranged between 28 and 93).
| Smoking, education and income
All the participants were classified into three categories of smoking behaviour ("Never," "Former" and "Current" smoker). Household income (three groups; <£25,000, £25,000-£75,000 and >£75,000) and final year of formal education (three groups; <17, 17-20 and >20 years) were used to characterize socio-economic status.
| Statistical analysis
Firstly, we tested the hypothesis that each periodontal risk factor would be associated with either status of self-reported periodontitis or gum bleeding among all participants. Only factors significant in the univariate analysis were included in multivariate analyses using generalized linear mixed-effects models with either self-reported periodontitis or gum bleeding as the dependent variable. Anxiety/ stress disorder and depression were separately introduced into a multivariate model because of a multicollinearity (p-value <0.001 produced by chi-squared test). Generalized linear mixed-effects models are conceptually equivalent to a matched case-control design, as it can control the clustering of twins within a pair. This design compared all identified cases of dental diseases with all available controls who had a healthy oral condition, and treating participants as individuals rather than as members of twin pairs. Age-stratified analysis using mean age as the cut-off was applied in order to examine whether the significant associations found in the age-adjusted model were consistent in both young and old groups.
Secondly, we used a co-twin control design by identifying a sample of MZ twins discordant for the dental disorders and comparing affected and unaffected twins. This design controls for genetic factors, under the assumption that MZ twins share 100% of their segregating genes. A significant association in this model indicates a direct association that cannot be explained by genetic factors (Carlin, Gurrin, Sterne, Morley, & Dwyer, 2005) . In all the analyses, p < 0.05 was considered to denote a statistically significant difference.
| RE SULTS
The total participants in the dataset for self-reported periodontitis and gum bleeding were 4,683 (89.4% female) and 4,805 (89.3% female), respectively. Due to small numbers of male twins in this registry, analyses were therefore restricted to adult females only.
Therefore, the final set of self-reported periodontitis data con- Table 2 .
In total, 20.8% of the cohort had periodontitis and 45.7% had gum bleeding. Interclass correlation for self-reported periodontitis was (MZ 0.21, DZ 0.06) and that of gum bleeding was (MZ 0.29, DZ 0.17).
Falconer's formula (Falconer D. S., 1996) therefore generated the heritability of 30% for self-reported periodontitis and 24% for gum bleeding. F test (for age and HEI) and chi-squared test (for the rest Coronary Heart disease Have you ever been told by doctor or other health professional that you had coronary heart disease?
Hypertension (High blood pressure) Have you ever been told by doctor or other health professional that you had hypertension (high blood pressure)?
TA B L E 1 Questionnaire for general health of the factors listed in Table 2 ) showed that there are statistically significant differences between some factors (age, smoking, income, education and hypertension) and zygosity for both periodontal traits. Table 3 shows the results of the univariate association between either self-reported periodontitis or gum bleeding and other health conditions. In age-adjusted multivariate model ( p-value = 0.16); on the other hand, the significance of anxiety/stress disorder held in both younger and older groups for gum bleeding. A similar trend was found in models replacing anxiety/stress disorder with depression (Table 5 ). The significant association between depression and both periodontal traits held in both younger and older groups.
There were 258 pairs (516 individuals) of MZ twins discordant for self-reported periodontitis. Testing for associations of the above risk factors between these pairs, the presence of anxiety/ stress disorder and HEI was significantly associated with selfreported periodontitis with the odds ratio 1.60 (p-value = 0.02) and 0.98 (p-value = 0.047), respectively (Table 4 ). In the multivariable model introducing depression instead of anxiety/stress disorder to independent variables, depression was only significantly associated with self-reported periodontitis trait (OR = 1.68; p-value = 0.01; Table 5 ). Other variables were not significantly associated when applying multivariate regression models for periodontitis-discordant MZ twins to control for factors shared by identical twins. The significant association between anxiety/stress disorder and periodontitis remained even among the periodontitisdiscordant MZ twins in older group (OR = 1.51; p-value = 0.02).
For gum bleeding, 377 MZ pairs (754 individuals) were found to be discordant. Co-twin control analysis among MZ twins who were discordant for gum bleeding trait showed that only the presence of anxiety/stress disorder was significantly associated with gum bleeding with the odds ratio 1.60 (p-value 0.02) in Table 4 . The association between depression and gum bleeding was not significant among gum bleeding discordant MZ twins (Table 5) .
| D ISCUSS I ON
The striking result was that, in multivariate analysis, mood disorders, anxiety/stress and depression were strongly related to both self-reported periodontal traits even controlling for risk factors and previously reported systemic health problems. Although no statistical significance was found in the relationship between anxiety/stress disorder and periodontitis in the younger age group, the relationship between mood disorder and self-reported periodontal traits was nominally stronger in older versus younger age. This might indicate that older people are more vulnerable to both mood disorder and periodontal disease. It may also imply that genetic susceptibility is one of the main reasons for the strong link between anxiety/stress disorder and periodontal disease in younger age; however, this is because of the contribution to the disease development in older age. The association of cardiovascular disease with periodontitis has, to date, received more attention than that of mood disorders. On the other hand, there is recent rising public health and research interest in mental health including mood disorder as a driver of systemic disease. This study underlines the need to consider psychological factors in the field of periodontology and geriatric dentistry. At the same time, periodontal disease is likely to be overlooked particularly among people with psychological illness. Therefore, it is important to investigate the temporal association and the mechanism behind the association where current knowledge is limited. Two broad hypotheses are present in the literature-altered immune reaction driven by anxiety and depression, or behavioural change leading to change in oral hygiene practices and smoking. The first hypothesis is that psychiatric disorders trigger an over active inflammatory response to stressors and pathogens (Warren et al., 2014) , for example in the periodontal tissues.
Poor oral health has been reported as a risk factor for depression (Hsu et al., 2015; Yamamoto et al., 2017) . Some researchers have already reported certain mediators which have strong associations between these diseases (Mousavijazi, Naderan, Ebrahimpoor, & Sadeghipoor, 2013) . A number of studies have demonstrated the negative impact of periodontal disease on quality of life, which might contribute to the development of psychological illness (Buset et al., 2016; Durham et al., 2013; Needleman, McGrath, Floyd, & Biddle, 2004) . 
Bold values represent statistical significance (p-value < 0.05).
Notes. HEI, Healthy eating index; N, the number of individuals.
TA B L E 4 (Continued)
TA B L E 5 The multivariate association for periodontal traits with having depression disorder in the independent variable While our results do not test the direction of association, our study implies that environmental factors are likely to explain the association. Co-twin control analyses suggested that factors shared by MZ twins (genetic/early-life environment) do not explain the association between anxiety/stress and periodontal disease among female adults.
In fact, in our analysis, mood disorders, anxiety/stress and depression were highlighted as the only risk factors which remained significant within MZ twin pairs who share genetic and some environmental factors which could confound other association studies.
Our analysis also investigated the role of other factors previously reported as associated with periodontal disease. Throughout univariate analysis among the population of both MZ and DZ twins, demographical information including age and socio-economic status showed opposing trends for the two traits, self-reported periodontitis and gum bleeding. Young age and high socio-economic status were associated with gum bleeding, whereas old age and low socioeconomic status were associated with self-reported periodontitis.
This feature is consistent with the natural history of periodontal disease progression in which self-reported periodontitis, including the feature of tooth mobility (more severe stage of periodontal disease)
is generally preceded by gum bleeding; therefore, gum bleeding is detectable in a younger population, whereas self-reported periodontitis becomes more apparent with age. The univariate results
suggested that the both periodontal traits represent different nature of these traits. Self-reported periodontitis may reflect severe periodontitis, while gum bleeding may suggest either gingivitis or early-stage periodontitis, and therefore be a less clinically relevant phenotype. Multivariate regression analysis also identified a negative association between the healthy dietary habits and severe periodontitis when controlling for genetic factors. The potential link here is that the significant deterioration of oral health leading to loose teeth results in restriction of food choice and therefore imbalanced diet. We also found that former smoker and middle-income adults in young population were significant risk factors for bleeding gums. The possible reason why current smokers were not significantly associated with bleeding while former smokers were is that while current and previous smoking have been widely associated with greater severity and extent of periodontitis, it is widely believed that there is a reduction in marginal bleeding among current smokers, an effect which disappears after smoking cessation by suppressing the inflammatory response but which may modify clinical signs of disease before that (Al-Bayaty et al., 2013; Dietrich, Bernimoulin, & Glynn, 2004) . One of the plausible reasons why smoking status did not show the association with periodontitis trait within discordant MZ twins could be that these factors are insufficiently variant within identical twins to have the detective power with this sample size.
According to the power calculation to achieve 80% power, the estimated number of samples was 2,579 for gum bleeding trait and 346
for periodontitis trait. Secondly, there might be the factors which shared by identical twins (genetic and familial environmental factors)
attenuate the association between smoking and periodontal disease.
In other words, there might be mutual genetic and familial environmental factors between smoking and periodontitis trait.
There are a number of limitations need to be considered. One of the main shortcomings of this study is that all the phenotypes were obtained by self-reported questionnaires rather than clinical examination. Self-report is likely to underestimate presence of mental health disorders, which would most likely serve to diminish any association found. Considering the binary traits of anxiety/stress disorder and depression, we conducted the cross-referencing test by using a subset of the cohorts in order to test whether anxiety/stress or mood symptoms showed the same effects. As regards the use of self-reported periodontal questionnaires, equally, the validation study showed low sensitivity, which suggest that some people might either not notice they have gum bleeding and tooth mobility, or forget the history of periodontitis which is diagnosed by dentists/hygienist. In addition, teeth which were previously mobile due to periodontitis may have been extracted before the study assessment. According to the validation test using the categorical periodontal classification, we suggest that this classification tends to have a wide range of periodontal status in the moderate group so that some of the subjects who answered negative for our questionnaire could have periodontal condition which is very close to mild, but classified moderate. However, our study as well as a number of previous studies has demonstrated that combinations of the two questions used in this study, namely loose teeth and professional diagnosis of gum disease, can achieve high positive predictive value for moderate to severe periodontitis (Eke et al., 2013; Page & Eke, 2007) , although rather lower sensitivity rates suggest that while the self-reported periodontitis measure used here is valid, it is likely to markedly underestimate the total number of actual cases of periodontitis in this cohort (Chatzopoulos, Tsalikis, Konstantinidis, & Kotsakis, 2016; Dietrich et al., 2009; Eke et al., 2013; Heaton et al., 2017) and compound reporting biases. However, there is little information of the accuracy of self-reported bleeding, and thus, the phenotype of "gum bleeding" may be less robust than the presence of self-reported periodontitis.
We designed the classical twin model to eliminate genetic and familial environmental factors by using genetically identical twins. This twin model assumes that MZ twins are genetically identical, but post-zygotic mutation events can occur. Somatic point mutations during early development occur with a frequency of 1.2 × 10 −7 per base pair per twin pair (Li et al., 2014) . However, it is still unknown whether these tiny differences have phenotypic consequences and to what extent. The classical twin model, we used in the present study, was not able to consider not only these mosaicisms but also gene regulatory mechanism including epigenetic modifications. These should not be ruled out as these genetic regulatory mechanisms may contribute to pathophysiology in human health traits including mood disorder and periodontal disease.
Although this study found that genetic and early-life environmental factor might not explain the association between mood disorder and periodontal disease, we still need to keep in mind that gene regulatory mechanism might play a role in development of this association.
Longitudinal studies are needed to confirm a clear picture of the mechanism between mood disorder and periodontal disease particularly among older population. Furthermore, conclusions may not be applicable to all populations because only females living in UK were included in this study and aetiology might be different between gender. Nevertheless, our present study suggests that the associations between mental health disorders and periodontal condition are strong even when controlling for potential risk factors, systemic diseases and genetic confounding.
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